Introduction within the channel, where "repacking" of amino acids, or strain, occurs upon gating. The distribution of such Many K ϩ , Na ϩ , and Ca 2ϩ ion channels exhibit voltage dependent gating, that is, the membrane voltage affects regions on the pore structure constrains the set of possible gating conformations. In addition, whether a mutathe probability that the channel will open (Sigworth, 1994; Bezanilla, 2000) . This form of gating underlies the tion favors the opened or closed state sheds light on the relative stability of these states of the channel, and production of electrical impulses known as action potentials-transient fluctuations in the membrane voltthrough double-mutant cycle analysis one can infer the degree to which conformational changes in one region age-that spread across the surface of a cell, allowing neurons, for example, to transmit electric signals very are coupled to changes in a different region. Our findings on "mutational perturbation" of the rapidly over their length.
The molecular mechanism of voltage-dependent gatShaker K ϩ channel, interpreted in the context of the KcsA and MthK K ϩ channel pore structures, support a ing is not yet understood, but the process has been studied for many decades and the results have provided coherent picture of the conformational changes underlying voltage-dependent pore opening and suggest which a conceptual framework for envisioning how the membrane voltage might control a channel's opening (Sigconformation is intrinsically more stable. worth, 1994; Bezanilla, 2000; Armstrong and Bezanilla, 1974; Zagotta et al., 1994b; Schoppa and Sigworth,
Results 1998a). Stated most simply, it is thought that channel opening (and closing) is associated with the obligatory Pore Mutations Influence a Concerted movement of charged amino acids (gating charges)
Pore-Opening Transition within the cell membrane. Since the membrane voltage In voltage-dependent K ϩ channels, each of the four imposes a transmembrane electric field through which identical subunits contains six membrane-spanning the charges must move, the value of the membrane segments: S1-S4 comprise the voltage sensor and S5-voltage would be expected to bias the position of the S6 the pore ( Figure 1A ). Here we study the effects of gating charges and thereby influence channel gating. point mutations in the pore since we have good strucVoltage dependent K ϩ , Na ϩ , and Ca 2ϩ channels all tural models for interpreting mutational data ( and then leveling off as maximum activation is apfirst a two-state gating mechanism, the model used to evaluate V 1/2 and Z. In this simple model, by affecting the proached ( Figure 1C ). We parameterize this activation process by fitting data to a two-state Boltzmann funcequilibrium between the two states (but not the gating charge) mutations would alter V 1/2 without changing Z, tion, which has two independent variables, V 1/2 (the voltage at half activation) and Z (proportional to the slope that is, they would shift the activation curve midpoint but not the slope. The same is true for a gating mechanism at half activation) (curves, Figure 1C) . Below, we consider how these phenomenological parameters may be in which four subunits undergo independent closed to opened transitions, allowing conduction once all the related to the underlying energetics of gating.
About 70% percent of single site mutations to alanine subunits reach the opened state. To explain the kind of correlation between V 1/2 and Z that is actually observed in the pore resulted in channels with activation curves that could be parameterized by V 1/2 and Z ( Figure 1C , in the data, multiple transitions between closed and opened states must be invoked and mutations have to Table 1); the remaining mutants displayed either multiphase activation curves ( Figure 1D ) or no current and alter the ratio of equilibrium constants connecting the states. That is, certain equilibrium constants have to be were excluded from further analysis. A summary of reinfluenced by mutation more than others. These requiresults is shown in a bar graph ( Figure 1E ) and in a correlaments agree with detailed gating models developed by tion plot relating V 1/2 and Z ( Figure 1F ). The data exhibit others for the Shaker K ϩ channel (Zagotta et al., 1994a; two interesting properties: first, a large number of muSchoppa and Sigworth, 1998c). Consider for example tants are like the wild-type channel, meaning that the a slight variation on the gating model of Aldrich and activation curve is fairly insensitive to mutation at many coworkers: four subunits independently undergo a sesites, and second, V 1/2 and Z are correlated such that ries of conformational changes (perhaps within the voltleft-shifted activation curves (decreased V 1/2 ) are steeper age sensor) and then, once all subunits have reached (increased Z) ( Figures 1C and 1F) . a "permissive" state, the pore opens in a concerted The first property of gating insensitivity at many sites transition (all four subunits move together) (Zagotta et is fortunate because it means there is a subset of sensial., 1994a). For m transitions within 4 independent subtive positions that stand out above the background. The units, followed by a single concerted pore opening: second property of a correlation between V 1/2 and Z is interesting because it has important implications for the (C 1 ᭣ K1(V) ᭤ C 2 ᭣ K2(V) ᭤C 3 possible mechanisms of gating and for the transitions altered by mutation. To see why this is so, consider that L be completely voltage independent, which we tions in the two regions would have independent (energetically additive) effects. Alternatively, one could imagassume here for the sake of simplicity. The important qualitative point is that the relationship between V 1/2 and ine a large scale, concerted (coupled) conformational change involving regions of the protein far apart in Z can be explained if our mutations mainly influence L, a "late" transition in the opening process.
space. Although far apart, mutations in this latter case would have non-additive effects on gating. Thus, the degree to which different positions in the structure are Location of Gating Sensitive Amino Acids energetically coupled has implications for the protein on the Pore conformational changes that underlie gating. That our mutations behave as if they affect predomiTo study energy coupling, we first must address the nantly a late, concerted opening transition seems reaissue of estimating the energy change on gating caused sonable since they have been introduced into the pore; by a mutation. If a channel had only two states, then it is thought that the voltage sensors undergo conformathe free energy difference between closed and opened tional changes that finally lead to pore opening. Within states at zero voltage would be equal to ϪZFV 1/2 , and the pore, we expect the gating sensitive mutations to the energy change caused by a mutation would be be located at regions where conformational changes ϪF(Z wt V 1/2wt Ϫ Z mut V 1/2 mut ) ϭ ⌬(ZFV 1/2 ). Imagine, however, occur, at hinge points for example. To interpret our muthat a channel gates according to Equation 2 and that tational results in a structural context, we have graphed a mutation alters only the concerted opening step L. In the location of sensitive residues onto the KcsA K ϩ chanthis case, for a given actual energy change in L caused nel coordinates, which, on the basis of amino acid seby a mutation, ⌬G L, we would see that the observed quence conservation, should serve as a reasonably energy change, ⌬ ( we expect that linearity will apply to a first approximathat are involved in packing against an adjacent outer tion. The significance of linearity is that double-mutant helix are also gating sensitive. We will discuss this districycle analysis, described below, is justified ( Figures 4C and 5A) . And it is interesting to see that gating sensitive amino acids are in general not coupled to insensitive amino acids ( Figure 5B) . The nearly uniform coupling between sensitive pairs is an interesting and at first surprising observation, since certain coupled positions are separated by up to 15 Å (Figures 2 and 5A) . Double-mutant cycle analysis has been used in the past to argue (Hidalgo and MacKinnon, 1995; Ranganathan et al., 1996) with reasonable accuracy (MacKinnon et al., 1998) that certain residues are near each other in a protein structure. Very specific criteria (outlined in references, Hidalgo and MacKinnon, 1995; Ranganathan et al., 1996) must be met in order to support the argument that coupling indicates close proximity of the two mutated residues. For this argument, most importantly, a mutated residue should be coupled to one or at most a few (i.e., nearby) residues (see Hidalgo and coupling would be expected if, for example, the inner helices naturally undergo large rigid body conformational changes: through rigid body motions, slight disis, the difference between these quantities, ⌬⌬(ZFV 1/2 ), placements of a helix induced by a mutation in one is equal to zero. If ⌬⌬(ZFV 1/2 ) ϶ 0 then we say that the effects of the two mutations do not act independently region could be transmitted to a distant region. Of course large conformational changes can occur through motions other than rigid helical, but as we discuss below, these functional data are in good agreement with linearity is important because it allows us to use doublemutant cycle analysis to ask whether mutations at differprior structural analyses of KcsA and MthK, closed and opened K ϩ channels that reveal rigid ␣ helical motions ent positions in the structure are energetically coupled. The distribution of gating sensitive amino acid posipermitted by a conserved gating hinge. tions mapped onto the pore structure of the KcsA K ϩ channel implies that gating results in an environment Discussion change or strain in many residues near the crossover of the inner helix bundle (close to the intracellular surIn this study, we observe that point mutations in the pore of a voltage-dependent K ϩ channel alter gating by face) and near where the inner helix is packed against a pore helix (close to the membrane center) (Figure 2 ). changing both the midpoint and slope of the voltageactivation curve. We show that the midpoints and slopes Double-mutant cycle analysis shows that mutations in these two regions are coupled, as if pore opening inare strongly correlated and propose a simple explanation for why this is the case: pore mutations influence volves changes in both regions simultaneously. The structural mapping and long-range coupling lead us to mainly a concerted pore opening step that occurs as a late transition along the reaction pathway to opening.
propose that pore opening in the Shaker K ϩ channel is similar to the opening of voltage-independent channels We also investigate the conditions under which it is possible to extract from the data an energy term that (KcsA and MthK), in which recent crystallographic analysis sheds light on the pore conformational changes that is linearly proportional to the true energy perturbation caused by a mutation. We conclude that for wild-type occur upon opening ( Figures 6A and 6B) helices at a glycine gating hinge and a simultaneous tern, and packed against each other at the bundle. In the opened conformation, the inner helices bend at the disassembly of the inner helix bundle through rigid body helical movements C-terminal to the gating hinge. The expense of broken hydrogen bonds within the membrane and many of the helix packing interactions of gating hinge (the glycine is conserved in the Shaker channel) is located near where an inner helix contacts a the closed conformation are lost. Comparison of these structures gives the qualitative impression that the open pore helix, consistent with one cluster of gating sensitive amino acids (near the pore helix, Figure 2 ). Disassembly pore is under strain and that the closed conformation is a more stable structure due to an increased number of the inner helix bundle upon opening is consistent with the second cluster of gating sensitive amino acids (at of favorable protein contacts. Thus, we suggest that mutations are more perturbing to the closed channel the bundle, Figure 2) . Therefore, mutational effects on gating in Shaker seem consistent with structural analysis because there are more ways to disrupt a more optimally packed protein. of gating in voltage-independent channels. We propose that the closed and opened states of a voltage-depenThe above line of reasoning leads us to propose that in the Shaker K ϩ channel the pore is intrinsically at a dent K ϩ channel above the inner helix bundle will look similar to the KcsA and MthK structures, respectively lower energy in the closed state. By intrinsically, we mean the pore if it could be studied in the absence of its (Figure 6 ).
It is interesting to note that the majority of mutations voltage sensors; this conclusion is perfectly consistent with the observation that the Shaker K ϩ channel with at sensitive positions caused the activation curve to shift leftward along the voltage axis ( Figure 1F) . In other its voltage sensors is open at 0 mV ( Figure 1C ). This proposal implies that the "default" state of the pore is words, mutations most often shift the gating equilibrium toward the opened state. This could occur in one of two closed and the voltage sensors must exert positive work in order to open it. Thus, we propose that the voltage ways; mutations could either stabilize the opened state relative to closed, or they could destabilize the closed sensors, using energy stored in the membrane electric field, overcomes an intrinsically favored closed conforrelative to the opened. But there are more ways to disrupt protein packing than to stabilize it, and extensive mation by applying a lateral force on the C-terminal extent of the inner helices, causing the gating hinge to experience tells us that mutations most often are destabilizing to a protein's structure. Therefore, we interpret bend and the bundle to come apart. the tendency of mutations to shift the gating equilibrium cent outer helices in a canonical two-helix packing pat-
